ygenation, this effect prevented cardiac cell death induced by activated PMN. The stimulation of NET formation by PMA in coculture with isolated cardiomyocytes led to an increase in the number of necrotic cardiomyocytes of up to 33.1 ± 12.9% and a corresponding decrease in living cardiomyocytes to 66.9 ± 12.9%. The number of living cardiomyocytes in coculture after incubation with both PMA and proteasome inhibitor was 76.6 ± 13.3% (p < 0.05), and the number of necrotic cardiomyocytes was 23.4 ± 13.3% (p < 0.05). Conclusion: Proteasome inhibition blocks NET formation and prevents cardiomyocyte necrosis in coculture with activated neutrophils.
Introduction
The nonspecific defense of the organism is a monumental system that includes many different factors and processes, and it features in almost all pathologies. One of the very important cell populations participating in this mechanism are polymorphic mononuclear neutrophils (PMN). These cells can perform phagocytosis, exocytosis of enzymes, production of free radicals, etc., and are a main component of secondary alteration in inflamma-tion of different genesis including ischemia-reperfusion injury [1] . In 2004, Brinkmann et al. [2] described a new type of PMN action, i.e. the formation of so-called neutrophil extracellular traps (NET). This phenomenon is mostly considered as a specific type of programmed cell death called NETosis [3] . During this process, the DNA of PMN appears in the extracellular space without fragmentation and forms nets that can trap bacteria or other pathogens. NET also contain histones (mainly histone H1) and active enzymes such as myeloperoxidase, elastase, cathepsin G, gelatinase, etc. [4] . This phenomenon is not limited only to the infection process. Studies in recent years show the great importance of NET in the pathogenesis of tumors [5] , autoimmune disorders [6] , thrombus formation [7] , etc. De Boer et al. [7] observed NET in thrombi from coronary vessels of patients suffering from myocardial infarction by the colocalization of histone H1, myeloperoxidase and neutrophil elastase. On the other hand, it is well known that PMN infiltrate myocardial tissue during ischemia-reperfusion and can cause secondary alteration and the spreading of necrosis. Barrett et al. [8] established that perfusion of isolated hearts with a solution containing PMN significantly increases ischemic-reperfusion damage and the blockade of cell adhesion molecules abolishes this effect. There is still no information about the direct role of NET formation in myocardial infarction. We hypothesize that NETosis has a big effect on this pathological process via damage to cardiomyocytes by myeloperoxidase, elastase and free-radical formation.
Ubiquitin-dependent proteasomal proteolysis is a very important regulator of all cellular activities. Some proteins that maintain the DNA in chromosomes and regulate its status, especially the histones (H2a and H2b), are always present in the nucleus in a monoubiquitinated state [9] . According to Knepper-Nicolai et al. [10] , the proteasome is crucial for the constitutive apoptosis of PMN. It is also known from previous investigations that proteasome inhibitors effectively prevent ischemic reperfusion injury and damage to the heart caused by PMN [11] . The antiphlogistic effect of proteasome inhibitors also appears in many publications [12, 13] . It is achieved particularly by a decrease of degradation of the nuclear factor kappa B (NF-κB) inhibitor. Argentine researchers have established that some structural inhibitors of NF-κB prevent NETosis [14] . However, the role of proteasomal proteolysis in NET formation has not been investigated.
Our previous data show the protective effect of proteasome inhibitors on cardiomyocytes at the modeling of anoxia-reoxygenation. Against a background of proteasome inhibitors, the application of anoxia-reoxygenation led to fewer amounts of necrotic cells in a primary culture of rat neonatal cardiomyocytes [15] . However, there is still a lack of data about the proteasome-dependent prevention of cardiomyocyte death due to secondary alteration.
Based on this, we checked the effect of the proteasome inhibitor on NET formation and established that clastolactacystin β-lactone (CL), that can specifically inhibit all 3 proteolytic activities of the proteasome [16] , diminishes the formation of NET induced by phorbol 12-myristate 13-acetate (PMA). At the modeling of anoxia-reoxygenation, it was shown that proteasome inhibition prevents NET-induced cardiomyocyte death. The data that we obtained support our hypothesis about the participatioin of proteasomes in the formation of NET and the role of these processes in cardiomyocyte damage.
Materials and Methods
Solutions and Drugs RPMI medium, FBS, antibiotics, Hoechst 33342, propidium iodide (PI), PMA, CL, DNAse Percoll, Hanks balanced salt solution (HBSS), glucose, salts and antibodies were purchased from Sigma Chemical Co., St Louis, Mo., USA. Free DNA determination was performed using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen).
PMN Isolation
To obtain rat PMN, the blood from adult (3-month-old) Wistar rats was collected and stabilized by EDTA in monovettes (Sarstedt), mixed with 0.9% NaCl in a ratio of 1: 1 and carefully laminated on the Percoll gradient with layer densities of 45, 54 and 63%.
After a gradient centrifugation of the blood (3,000 rpm for 15 min) PMN were detected between the second and third layers. The cells were collected and additionally purified by erythrocyte lysis with ACK buffer. The granulocytes were then washed with HBSS buffer and diluted in RPMI media with 10% (v/v) heat-inactivated FBS. The PMN were plated in the 24-well dish or in the cell culture Petri dish with a density of 100,000 cells/cm 2 .
Stimulation and Detection of NET
To stimulate NET formation, 20 n M of PMA were added to cell cultures for 3 h. To check if proteasomes participate in NET formation, the proteasome inhibitor CL was added at a concentration of 100 n M . Thus, 4 groups of cells were in used in the experiment: control neutrophils, PMN stimulated by PMA, PMN with the proteasome inhibitor and PMN under the influence of both PMA and the proteasome inhibitor. The same protocol was used for the coculture of rat neonatal cardiomyocytes and PMN including the step of anoxia-reoxygenation (see below).
Detection of NET was performed using a fluorescence microscope and a fluorogenic dye, Hoechst 33342 (biz-benzamide), that directly stains chromatin (3.75 m M ). Additionally, we measured the concentration of DNA released in the culture media; for this, DNAse 1 (5 units/ml) was added to the culture of PMN. After 10 min of incubation, the DNAse reaction was stopped by adding EDTA (5 m M ). The concentration of DNA was measured on a Hitachi 4000 spectrophotometer with a Quant-iT PicoGreen dsDNA assay kit (Invitrogen) according to the manufacturer's manual.
NET formation was also confirmed by detecting the extracellular colocalization of DNA and myeloperoxidase, the enzyme specific for PMN. It was done by fluorescence microscopy using Hoechst 33342 together with a polyclonal antibody specific for rat myeloperoxidase delivered in rabbits and Alexa Fluor 647-conjugated goat anti-rabbit secondary antibodies.
Cardiomyocyte Isolation, Cultivation and Cocultivation with PMN
To prepare the coculture of PMN with cardiomyocytes, the rat neonatal cardiomyocytes were isolated from the ventricular myocardium of 2-day-old Wistar rats by enzymatic digestion according to Reinecke et al. [17] with modifications. The amount of living and necrotic cells was determined by staining with 0.2% Trypan blue solution and was 90-95% and 5-10%, respectively. To avoid fibroblast contamination, 2 h of preplating on cell culture dishes was performed. The cardiomyocytes obtained were plated at a density of 120,000 cm 2 . Cells were cultivated for 24 h in DMEM/ medium 199 (4: 1), supplemented with 10% calf serum, 4.2 m M Na 2 CO 3 , 15 m M HEPES and antibiotics (streptomycin 100 g/ml, gentamycin 0.05 mg/ml and penicillin 100 U/ml) at 37 ° C in a 5% CO 2 atmosphere. After 24 h, fresh isolated PMN or PMN activated by PMA were added to the rat neonatal cardiomyocyte culture in the ratio 1-1.2: 1-0.8.
Measurement of Proteasome Activity
Cells were collected from the Petri dish, sonicated and centrifugated at 5,000 rpm for 10 min. Supernatant was incubated in a buffer consisting of 25 m M Tris-HCl (pH 7.5) and 1 m M dithiothreitol. Fluoropeptide substrate Suc-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin was used to measure the chymotrypsin-like activity of the proteasome; Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin was used for the trypsin-like activity and CBZLeu-Leu-Glu-7-amido-4-methylcoumarin for the peptidyl-glutamyl peptide-hydrolyzing activity. After incubation for 30 min (for trypsin-like activity) or 1 h (for other activities) with 1 of these fluorogenic peptides (at concentration 6 μ M ), the fluorescence of the reaction products was monitored at 380 nm excitation and 440 nm emission using free 7-amino-4-methylcoumarin (AMC) as a standard on a Hitachi 4000 spectrofluorometer. The reaction was performed in the absence and presence of selective proteasome inhibitors, i.e. CL (2.5 μ M ) or MG132 (5 μ M ), to differentiate between nonproteasome and proteasome-mediated peptide hydrolysis. The percentage of inhibition of the respective substrate hydrolysis after the use of each inhibitor was evaluated as the proteasome activity and expressed as n М of AMC/10 6 cells/min.
Determining Cardiomyocyte Death and Anoxia-Reoxygenation Modeling
In the coculture of rat neonatal cardiomyocytes and PMN, we determined not only NET formation but also the necrotic death of cardiomyocytes. We used PI, a chromatin-specific dye that cannot pass through the cell membrane. The double staining with PI and Hoechst 33342 allowed us to differentiate cardiomyocytes from PMN by the shape of the nuclei and also the living cardiomyocytes (Hoechst 33342 positive) from the necrotic ones (PI positive).
For anoxia-reoxygenation, the coculture of rat neonatal cardiomyocytes and PMN underwent 30 min of incubation in an airtight jar from which the O 2 was flushed with a gas mixture containing 5% CO 2 and 95% Ar, followed by replacement of the media and 3 h of incubation in a 5% CO 2 incubator.
Statistics
Statistical analysis was performed with Origin 7.0 software. All data were expressed as means (±SD) of replicate experiments performed in each assay. Statistical differences were evaluated using the Student t test. p < 0.05 was taken to indicate a statistically significant difference.
Bioethics
This investigation conformed to the local ethical committee guidelines for animal research. All animal experiments were in compliance with the statements of the European Union regarding the handling of experimental animals.
Results

Determination of Proteasome Activities in Isolated PMN
All 3 proteolytic activities of the proteasome were determined in the isolated PMN: trypsin-like activity was 0.21 ± 0.6, chymotrypsin-like -4.4 ± 0.4 and peptidyl-glutamyl peptide-hydrolyzing activity -0.21 ± 0.4 nmol AMC/10 6 cells/min. We confirmed that CL application significantly inhibited all 3 proteolytic activities of the proteasome in PMN: trypsin-like activity was reduced 1.9-fold, chymotrypsin-like activity 2.2-fold and peptidyl-glutamyl peptide-hydrolyzing activity 2.6-fold (p < 0.05 for all activities). These data show that in isolated PMN all 3 peptidase activities of proteasome are detected at a high level and CL effectively inhibits these activities.
Formation of NET by PMN under the Influence of Proteasomal Inhibitor: Fluorescence Microscopy
In the control group, we observed intact PMN cells under fluorescence microscopy ( fig. 1 a) . After 3 h of incubation with PMA, neutrophils were activated and formed NET ( fig. 1 b, c) . Cells with highly condensed chromatin without nuclei segregation and fragmentation were detected. Some had no condensed chromatin and the nuclei in these were bigger than in other cells and were round in shape with no signs of segmentation or fragmentation ( fig. 1 d) . It is should be mentioned that myeloperoxidase was not detected in combination with chromatin in these cells ( fig. 2 c, d ) and these nuclei were not stained with PI, meaning that the integrity of the PMN membranes remained intact. It may be that neutrophils did not complete NET formation. The population of neu-trophils was large after the incubation of PMN with the proteasome inhibitor and they were observed in almost all fields ( fig. 1 d) . Thus, PMN with unfinished, impaired NET formation revealed that the proteasome inhibitor blocks the program of NET formation. Necrotic PMN were not detected in any experimental group.
To confirm that the release of DNA was due to NET formation, we performed immunochemistry of the neutrophils to indicate the colocolization of neutrophil myeloperoxidase and DNA chains. This intracellular enzyme marked for neutrophils was observed as a component of NET after PMA stimulation ( fig. 2 b) . As mentioned above, myeloperoxidase was not detected in combination with chromatin after proteasome inhibitor application when a lot of PMN did not have segregated nuclei ( fig. 2 c, d) .
The amount of living PMN in the control was 97.2 ± 2.5% and 2.8 ± 2.5% of control cells had formed NET. After PMA stimulation, the percentage of NET was 70.8 ± 7.2 (p < 0.01) and the living cells amounted to 27.2 ± 7.2% (p < 0.01). The rest of the cells after PMA stimulation (1.7 ± 0.3%) had lost the characteristic segmentation of nuclei and were marked by diffused chromatin distribution, a sign of impaired NET formation, in the opinion of some authors. CL also induced NET formation in the culture of PMN cells, but the amount of NET was 15 times less than in the PMA group (p < 0.01). At the same time, the inhibition of the proteasome provoked the increase of PMN with impairment of NET formation. The percentage of living cells and NET in isolated PMN culture after proteasome inhibitor application was thus 38.8 ± 11.1 and 4.7 ± 0.9, respectively. The rest, 56.5%, constituted neutrophils with impairment of NET formation. However, the most interesting results were obtained after application of proteasome inhibitor together with PMA. The number of NET in this experimental group was 1.8 times less than with PMA stimulation only (p < 0.01) and totaled 38.7 ± 4.9%. The percentage of living cells was 25.4 ± 4.9, and the amount of neutrophils with impaired NET formation was 35.9 ± 4.9% ( fig. 3 ).
The Concentration of DNA Released from PMN due to NET
The concentration of DNA released into the culture media from PMN during NET formation was 2.8 ± 0.34 ng/ml in the control, 8.4 ± 1.2 ng/ml after PMA stimulation (3 times more; p < 0.05 vs. the control) and 4.3 ± 1.1 ng/ml after incubation with both PMA and proteasome inhibitor (1.95 times less vs. the PMA-stimulated group; p < 0.05; fig. 4 ).
All these data directly show that proteasome inhibition prevents NET formation leading to an increased amount of PMN with impaired NET formation. 
Cocultivation of Cardiomyocytes with Activated PMN
Another part of our work was the investigation of the influence of NET formation on cardiomyocyte survival in coculture under anoxia-reoxygenation conditions. The anoxia-reoxygenation of the cardiomyocytes with PMA but without PMN led to an increase of necrotic cells amounting to 38.5 ± 16%.
However, changes in the percentage of living and necrotic cardiomyocytes were more prominent in the coculture with PMN. In the control coculture, 81.1 ± 10% of the cardiomyocytes were living and 18.9 ± 10% were necrotic. The stimulation of NET formation by PMA led to an increase in necrotic cardiomyocytes of up to 33.1 ± 12.9% (p < 0.05) and a corresponding decrease in living cardiomyocytes amounting to 66.9 ± 12.9% (p < 0.05). The CL application had no influence on the percentage of living and necrotic cardiomyocytes in the coculture with PMN (79.3 ± 13 and 20.7 ± 13%, respectively) but prevented necrotic cardiomyocytes death after stimulation of neutrophils by PMA. Living cardiomyocytes in coculture after incubation with both PMA and proteasome inhibitor amounted to 76.6 ± 13.3% (p < 0.05) and necrotic cardiomyocytes amounted to -23.4 ± 13.3% (p < 0.05) when compared to the PMA coculture group.
At modeling of anoxia-reoxygenation, the percentage of living and necrotic cardiomyocytes in coculture was 72.5 ± 7.3 and 27.5 ± 7.3%, respectively (p < 0.05). The stimulation of PMN with PMA under anoxia-reoxygenation conditions led to a decrease in living cardiomyocytes (52.5 ± 5%) and an increase in necrotic ones (47.5 ± 5%; p < 0.05 vs. anoxia-reoxygenation group). The application of CL on coculture at modeling of anoxia-reoxygenation had no significant influence on the amount of living and necrotic cardiomyocytes. The combination of proteasome inhibitor with PMA at anoxia-reoxygenation modeling led to an increase of living cardiomyocytes up to 62.3 ± 4.5% and a corresponding decrease in the population of necrotic cells to 37.7 ± 4.5% in comparison with the anoxia-reoxygenation and PMA group (p < 0.05; table 1 ). Apoptotic cardiomyocytes were not detected in any experimental group.
These data illustrate that PMA itself can provoke cardiomyocyte death but that, in coculture with PMN, the amount of necrotic cardiomyocytes is much higher because of PMN activation. The inhibition of the proteasome prevents cell death after anoxia-reoxygenation not only by a direct influence on cardiomyocytes but also by preventing NET formation by PMN.
Discussion
Our experiments indicate that the proteasome takes part in NET formation. Some previous investigations support this. It is known from the work of Yost et al. [18] that embryonic PMN impair NET formation. In 2014, based on quantitative proteomics, Zhu et al. [19] proved that 7 subunits of proteasome were downregulated in neonatal PMN when compared to adults. In our experiments, we obtained direct data about the effect of proteasome inhibitors on the realization of NET: a decrease in NET and impaired NET formation show blocking of this process at the stage of DNA extrusion in the extracellular space.
Yost et al. [18] obtained similar data for cord PMN: 'Organized NETs were not detected by live cell imaging … In some studies there were bright, focal ''hot spots'' of staining by the cell-impermeable DNA dye suggesting local pericellular DNA extrusion, which is thought to be an initial step in complex extracellular NET formation'.
In our work, we observed PMN with highly condensed chromatin without nucleus segregation and fragmentation. Some did not have condensed chromatin and the nuclei were bigger than in other cells, round in shape and with no signs of segmentation or fragmentation. So we could interpret them to be PMN with impaired NET formation and, because of most of them appeared after proteasome inhibitor application, the role of the proteasome in the realization of NET mechanisms could be supposed.
On the other hand, it is known that the proteasome has great importance in apoptosis development and that proteasome inhibition provokes apoptotic cell death in many cell types. It has been shown that several genes involved in ubiqutin-proteasome proteolysis are downregulated during phagocytosis-induced apoptosis of PMN [20] . The proteasome is also necessary for the realization of the constitutive apoptosis of PMN during their maturity and aging [10] . The role of the proteasome in the apoptosis of PMN of different genesis is usually explained by the proteasome-dependent activation of NF-κB [21] . Apoptosis of PMN has morphological peculiarities under fluorescence microscopy that are close to those that we have described above, but fragmentation of DNA as a key marker of the final step in PMN apoptosis [20, 21] was not observed in our experiments.
The interaction between cardiomyocytes and PMN is mostly discussed in terms of cytokines and chemokines, endothelial permeability in heart microvessels and a socalled proinflammatory cardiomyocyte phenotype [22, 23] . This phenotype is characterized by different proinflammatory cytokine synthesis and secretion [24] . On the other hand, Barrett et al. [8] established that perfusion of an isolated heart with a solution containing PMN significantly increases ischemic-reperfusion damage and that the blockade of cell adhesion molecules abolishes this effect. It means that PMN can shift cardiomyocytes to a proinflammatory phenotype and then after this pass through the endothelium using chemokinesis. PMN can injure cardiomyocytes by enzyme exocytosis, phagocytosis, etc. [25] . In our work, we showed that direct damage of cardiomyocytes as a result of NET formation is also possible.
It is also interesting that we did not observe apoptosis of cardiomyocytes in the coculture. It was shown, in the recently published work of Carmona-Rivera et al. [26] , that NET formed during systemic lupus erythematosus induce apoptosis of human umbilical vein endothelium in culture. We think that NET formation has different effects on different cell types under different conditions; thus, in the culture of rat neonatal cardiomyocytes under hypoxia-reoxygenation, it provokes necrosis in contrast to human umbilical vein endothelium in systemic lupus There are not a lot of data on the role of NET in ischemia. In the work of Ge et al. [27] , in situ NET formation was analyzed during surgical modeling of ischemia-reperfusion injury of the left ventricle, and the anatomic 'no re-flow' area and infarct size were evaluated immediately after 3 h of reperfusion. It was shown that, compared with the ischemia-reperfusion controls, the group of Wistar rats treated with DNAse and recombinant tissue-type plasminogen activator exhibited reduced NET density and a 'no-flow' area in the ischemic region as well as a reduced infarct size. Savchenko et al. [28] demonstrated that extracellular chromatin released through NETosis exacerbates myocardial ischemic-reperfusion injury. Oklu et al. [29] demonstrated that hind-limb ischemiareperfusion injury is reduced in Toll-like receptor-4 mutant mice that are characterized by decreased NET formation.
Our previous results showed that in a culture of isolated cardiomyocytes without PMN after anoxia-reoxygenation modeling, the number of necrotic cells increased almost 2-fold [15] . In addition, inhibition of the proteasome did not lead to a significant increase of necrotic cardiomyocytes compared to control, but the application of a proteasome inhibitor at anoxia-reoxygenation decreased the number of necrotic cells compared to in the anoxia-reoxygenation group. The cardioprotective effects of proteasome inhibition during myocardial infarction are also known; these are summarized in the review of Yu and Kem [30] . All these data indicate that proteasome inhibitors prevent damage of cardiomyocytes during ischemia-reperfusion, but not only by their direct influence on cardiomyocyte metabolism. In the whole organism, this effect is mediated by the prevention of PMN activation and its consequences such as thrombi formation and other mechanisms; the direct injury of cardiomyocytes due to NET formation has a very important place amongst these. Our experiments confirmed this hypothesis: the incubation of activated PMN with proteasome inhibitors reduces cardiomyocyte death during cocultivation under anoxia-reoxygenation conditions. This provides possibilities for further study of NETosis as well as for the therapeutic prevention of secondary alterations during myocardial infarction.
